Introduction the mitochondria (specifically the matrix but not intermembrane space) and peroxisomes, and surprisingly concentration is estimated to be ~10-100 μM (53, 188), which is comparable to the estimations for the proteins is the fact that most cellular NAD + and NADH is bound to proteins (13, 54, 171, 176, 179, 180) .
138
This makes it quantitatively difficult to determine the free NAD + and NADH levels (and the free 139 NAD + /NADH ratio), which ultimately represent the metabolically active forms of these coenzymes.
140
Measurement of free NAD + (H) levels is further complicated by the fact that NADH binds proteins more 141 firmly than NAD + (54, 171, 180). It should be noted, however, that studies in rat hippocampus using time-142 resolved fluorescence and anisotropy decay suggest the ratio of free-to-bound NADH to be ~0.78 (175).
143
Whether this is the case in skeletal muscle is unknown. Based on the MIM for LDH, in resting skeletal 144 muscle the free cytosolic NADH level is estimated to be ~0.5-1.5% of total cytosolic NADH (158). the NADH/cytochrome c (cyto c) electron transport shuttle has also been described, in which the direct 257 transfer of electrons from cytosolic NADH to molecular oxygen inside the mitochondrial matrix is 258 achieved at respiratory contact sites (i.e., where both mitochondrial membranes are in contact) (1, 123).
259
The transfer capacity of the NADH/cyto c is reported to be equivalent to the malate-aspartate shuttle (1, 260 123). However, whether this system is active in skeletal muscle mitochondria, or is regulated by exercise 261 training, is unknown. SIRT1. SIRT1 is the most studied of the mammalian sirtuins and is mainly found in the nucleus,
275
although it also has cytosolic targets (40, 76, 174, 185, 193 To resolve the incongruent findings regarding SIRT1 protein levels and mitochondrial adaptations 314 to exercise, it has been proposed that SIRT1 activity might be the underlying mediator of these changes.
315
Nuclear SIRT1 activity is positively correlated with oxidative capacity (i.e., CS activity, complex IV Similar to PARP1, knockdown of PARP2 in C2C12 myocytes increased SIRT1 activity (6). In skeletal 438 muscle this appeared to occur through both an increase in intracellular NAD + levels and modulation of the 439 SIRT1 promoter by PARP2 (6). As expected, SIRT1 activity was increased in PARP1 and PARP2 null 440 mice and these mice also had increases in skeletal muscle mitochondrial biogenesis (e.g., mtDNA, Although, it is notable that in vivo SIRT1 deacetylase activity is not required for the ability of exercise to (NMN) (40, 76, 174, 185, 193) .
484
This reaction is potentially important for maintaining the activity of SIRT1 and SIRT3, as nicotinamide
485
(which is generated in the deacetylase reaction of sirtuins, including SIRT1 and SIRT3) is a negative Therefore, it will be interesting in future studies to determine whether NAMPT activity is increasing 499 specifically in the mitochondrial, nuclear and/or cytosolic compartments with exercise, and whether this 500 coincides with changes in NAM levels. Altogether, such measurements will provide important increased ATP production is facilitated by SIRT3-mediated deacetylation of a series of enzymes in the 597 TCA, β-oxidation and ETC. In parallel, SIRT3 acutely reduces mitochondrial protein synthesis, which 598 maximizes the availability of reducing equivalents for ATP production. Whether SIRT3 is required for 599 induction of mitochondrial biogenesis after exercise remains to be determined. In response to exercise 600 SIRT1 is also activated by increased cytosolic/nuclear NAD + levels, and while it likely can contribute to 601 mitochondrial biogenesis through PGC1α-dependent and -independent mechanisms, it is not required for 602 exercise-mediated deacetylation of PGC1α. Rather, acute exercise appears to reduce the inhibitory effect 603 of the acetyltransferase, GCN5, on PGC1α, via mechanism that is still to be determined. PARP1 and 
